The BRAHMS collaboration has measured transverse momentum spectra of pions, kaons, protons and antiprotons at rapidities 0 and 3 for Cu+Cu collisions at √ sNN = 200 GeV. As the collisions become more central the collective radial flow increases while the temperature of kinetic freeze-out decreases. The temperature is lower and the radial flow weaker at forward rapidity. Pion and kaon yields with transverse momenta between 1.5 and 2.5 GeV/c are suppressed for central collisions relative to scaled p + p collisions. This suppression, which increases as the collisions become more central is consistent with jet quenching models and is also present with comparable magnitude at forward rapidity. At such rapidities initial state effects may also be present and persistence of the meson suppression to high rapidity may reflect a combination of jet quenching and nuclear shadowing. The ratio of protons to mesons increases as the collisions become more central and is largest at forward rapidities.
I. INTRODUCTION
Collisions of ions at the Relativistic Heavy Ion Collider (RHIC) with masses as heavy as Au and center of mass energies of 200 GeV per nucleon to produce extended systems that have been characterized as being partonic, strongly coupled and exhibiting hydrodynamic flow behavior with a viscosity per degree of freedom near the theoretical lower limit [1] . This medium is known as the strongly coupled Quark Gluon Plasma or sQGP [2] [3] [4] [5] .
The matter created in these heavy ion collisions ex- In order to extend the medium size dependence of physical observables down to small systems such as d+Au and p + p, the Cu+Cu system, with A Cu = 63, was selected since it provides a good overlap with peripheral † † Present addressInstitute of Modern Physics, Chinese Academy of Sciences, Lanzhou, China ‡ ‡ Present address: Huazhong Normal University,Wuhan, China Au+Au collisions in terms of the number of participants.
The relative uncertainty in the fractional cross-section of Cu+Cu collisions is smaller compared to that in Au+Au collisions for the same number of participants. Assuming a uniform mass distribution, the overlap region in central Cu+Cu collisions is spherical while that in Au+Au collisions for the same number of participants has an almond shape, making it possible to explore geometry effects on the experimental observables. The core/corona model of K. Werner [8] and Beccattini and Manninen [9] provides a mechanism for testing these effects since the ratio of core to corona depends upon the shape of the overlap region.
Most available data of identified hadrons are from near mid-rapidity. The BRAHMS data offers a unique opportunity to study hadron production at both mid and forward rapidity and compare properties to further enhance our knowledge of the matter formed and different chemical conditions. In this paper, we present transverse-momentum spectra, yields, mean transverse momenta p T , nuclear modification factors (R AA ) and ratios for identified charged hadrons (π ± , K ± , p,p) obtained with the BRAHMS spectrometers in Cu+Cu collisions at √ s N N = 200 GeV. The measurements were done at two rapidities y = 0 and y = 3 as a function of collision centrality. Blast wave fits to the transverse momentum spectra are used to extract the mean transverse velocity and kinetic temperature at the kinetic freeze-out point. The results are compared to those obtained in p+p and Au+Au collisions at the same energy, rapidity and centrality (number of participants) where available.
II. THE BRAHMS EXPERIMENT
The BRAHMS Experiment consists of two small acceptance magnetic spectrometers, the Mid-Rapidity Spectrometer (MRS) and the Forward Spectrometer (FS), for tracking, momentum determination, and particle identification together with a system of global detectors made up of Beam-Beam Counters (BBC), Zero Degree Calorimeters (ZDCs) and a Multiplicity Array (MA) [10, 11] . The global detectors are used for triggering, centrality determination, and separating nuclear from electromagnetic events. The MRS uses two time projection chambers (TPCs), TPM1 and TPM2, with a magnet between them and time of flight (TOF) walls for particle identification (PID). The Forward Spectrometer (FS) has two TPCs (T1 and T2) and three Drift Chambers (DCs) with magnets located between the detectors. In the FS, PID is achieved by using a TOF wall behind T2 and a second TOF wall and a Ring Imaging Cherenkov (RICH) detector both placed after the third DC. The TPCs and DCs each provide several three dimensional space points which together with the momentum information provided by the deflection in magnets allow for particle tracking.
The MRS is capable of rotating between 90
• and 30
• with respect to the beam pipe covering the rapidity interval from y ∼ 0 to y ∼ 1.6. The FS rotates between 15
• and 2
• and covers the rapidity interval from y ∼ 2.2 to y ∼ 4.0. For the data presented in this paper, the MRS was set at 90
• and the FS was set at 4
• . These settings correspond to y = 0 and y ∼ 3, respectively. 
A. Event Selection
The centrality of the collisions is characterized by using a multiplicity array (MA), which consists of an inner layer of Si strip detectors and an outer layer of scintillator tiles each arranged as hexagonal barrels coaxial with the beam pipe. By measuring the energy loss of charged particles that traverse the two arrays, the strip detectors and the tiles provide two semi-independent measurements from which the pseudo-rapidity dependence of the charged particle density can be deduced. A realistic GEANT3 simulation of the detector response is used in this determination to map energy deposits to the corresponding number of primary particles [12] . Reaction centrality is based on the distribution of charged particle multiplicities within the nominal pseudo-rapidity range covered by the MA, |η| < 2.2.
For a given event the centrality was taken to be defined as the fraction of observed events with a greater integral of charged particle multiplicity than that event.
With this definition, 0% centrality-correspond to collisions with the greatest overlap of the two nuclei. Events generated by HIJING were passed through a GEANT3 simulation of the experiment and used to estimate the number of peripheral events missed because they do not leave sufficient energy in the MA for detection. The procedure applied for determining centrality and the associated numbers of participants, N part , and binary nucleon-nucleon collisions, N coll , in the Cu+Cu system is the same as described in detail for the Au+Au analysis [13] . The values extracted from this procedure are displayed in Table I .
Cent. N part N coll 0-10% 97 ± 0.8 166 ± 2 10-30% 61 ± 2.6 85 ± 5 30-50% 29 ± 4.3 30 ± 6 50-70% 12 ± 3.2 9.6 ± 3.2 For this analysis, the events were divided into four centrality classes (0−10%, 10−30%, 30−50% and 50−70%).
Events within ±25 cm of the nominal vertex were selected. Since the spectrometer acceptance depends upon the location of the vertex for a given event, spectral analysis is carried out in vertex bins of 5 cm and the results are statistically averaged to obtain the final spectra.
B. Track Selection
Straight line track segments are determined by tracking detectors, which are outside the magnetic field regions. These track segment are joined inside the analyzing magnet by taking an effective edge approximation.
Matching track segments before and after the analyzing magnets allows for the determination of the track's momentum using the vertical magnetic field, the length traversed in the magnetic field region and the orientation of the incoming and outgoing tracks. determined. This together with the momentum of a detected particle provides for particle identification using the relation
Particles of different masses fall on separate curves if For the FS, the emission angle θ c of the light radiated in the RICH detector along the particle path is given by
where n is the index of refraction of the gas inside the RICH volume. A spherical mirror of focal length L was used to focus the light cones onto rings of radii
Once the radii of the Cherenkov rings are measured, the masses of the particles are deduced from the formula
The RICH can identify pions starting at 2. 
D. Corrections
The data presented are corrected for the geometrical acceptance of the spectrometers, tracking efficiency, particle mis-identification and the effects of particle decays based on the GEANT3 simulations. These simulations are also used to correct the experimental results for effects such as interactions with the beam pipe, absorption, and multiple scattering within the gas volumes of the tracking detectors.
To account for the acceptance, particles are generated with a uniform momentum distribution over a range of angles ∆φ and ∆θ broad enough for the spectrometer aperture to lie within the range. The acceptance factor for a given pseudo-rapidity and p T range is then the fraction of accepted particles to those thrown scaled by To take into account particle mis-identification, a PID correction has been applied to the pion and kaon spectra. At higher momenta the well defined 3σ bands start to overlap. The contamination of the pions and kaons was evaluated by fitting the distributions in m 2 ,
The invariant yields have been corrected due to this effect. Typical correction factors are given in Table II .
In the momentum range covered, the (anti)protons are well separated from the mesons and no PID correction is applied to their spectra. y=0 y=3 1.5 GeV/c 2.25 GeV/c 24 GeV/c 30 GeV/c Pion > 99% 85% ± 1% > 99% 88% ± 5% Kaon > 99% 50% ± 5% > 99% 65 − 70% ± 5% TABLE II. Purity estimates of the pion and kaon raw spectra, cP ID , and their relative systematic uncertainties for pions and kaons at central and forward rapidity for various momenta.As an example the raw pion spectrum at 2.25 GeV/c is corrected by a factor of 0.85 ± 0.01.
Feed down from Λ-decay corrections are not applied to the proton (anti-proton) spectra. This is primarily because the spectra of Λ's have not been measured at the higher rapidities. Later, when discussing integrated yields (dN/dy) of protons at mid-rapidity those have been corrected to first order since the Λ yields were measured by other experiments [14, 15] , and detailed simulations indicate that about 90% of the decay protons from Λs pass our cuts for primary particles.
III. RESULTS AND DISCUSSION
A. Particle spectra
Measurement of transverse momenta spectra is the crucial first step in obtaining the various observables used to characterize the properties of the partonic medium created in heavy ion collisions. Figure 2 shows the invariant spectra for the charged hadrons π ± , K ± , p andp, versus transverse kinetic energy, for different collision centralities at y = 0 and y = 3. The spectra of particles and antiparticles have very similar shapes. Comparing pions, kaons and protons, a steady hardening of the spectra with particle mass is observed. Both of these effects are suggestive of hydrodynamics. The lines in Fig. 2 are fits of the hydrodynamical inspired blast wave model [16] to the six π ± , K ± , p andp spectra at a given rapidity and centrality. These fits will be discussed in detail later. The magnitude of the spectra depend strongly on centrality for all particles and for both rapidities. For kaons and protons the shapes of the spectra harden as one moves from peripheral to central collisions. The spectra for all particle species are softer at forward rapidity but, again, one observes a strong centrality dependence.
A systematic study of the spectra was performed by fitting them to a variety of functions. For pions the Levy Tables IV, V, and VI for pions, kaons, and protons, respectively. The integrated yields dN dy , and mean transverse momenta, p T , are obtained by extrapolating the fit functions outside the measurement region. The fraction of the particle yield within the BRAHMS acceptance varies from 30 − 75% depending upon the spectrometer setting and particle specie.
Results from other functions were used to estimate the contribution to systematic errors on dN dy and p T from the extrapolation beyond the acceptance of the experiment.
A model dependent analysis of the transverse momentum spectra as a function of rapidity and centrality allows the extraction of the thermodynamic and collective properties of the system at kinetic freeze-out. At mid-rapidity the hydro-inspired blast wave model [16] predicts a spectrum with
α is the velocity pro- file as a function of radial distance, r. In this model T kin represents the kinetic temperature of the system, β s the velocity of the surface of the expanding medium and α controls how the velocity of the expanding matter depends upon radial distance. For this study R was taken to be the nuclear radius. In Eq. (5), n(r) is the radial density profile. In this analysis n(r) is assumed to have a Gaussian form ∼ e − r 2 2R 2 for r < R max where R max = 3R. For r > R max , n(r) = 0. The modified Bessel function K 1 (z) comes from integration from −∞ to +∞ over pseudo-rapidity η assuming boost invariance.
At forward rapidity, the assumption of boost invariance is not valid and K 1 (z) should be replaced by an integral over over a finite range of η so that
where
and y is the rapidity variable. The limits of the integration in Eq. (7) were η min = 2.4 and η max = 4.4. At these limits the integrand in Eq. (7) is very small compared to its central value at η = 3. The results of the fit are stable with respect to small changes in these limits.
For both the mid-rapidity and forward-rapidity data,
we performed a simultaneous fit of the pion, kaon and (anti)proton spectra with 3 parameters: T kin , β s , and α. while for K ± the scaled dN dy values are slightly higher. A similar effect has been seen by STAR where the K − and K 0 S yields at a given N part are somewhat higher for Cu+Cu than for Au+Au [15, 20] .
Beccattini and Manninen have proposed that an increase of the scaled dN dy values as observed for the kaon yields might reflect the effect of two sources, a chemically equilibrated and dense "core" and a "corona" of independent nucleon-nucleon collisions [9] . As the centrality of the system decreases the ratio of core to corona changes causing a change in the kaon yield per participant pair. Figure 6 shows the average transverse momenta p T for pions, kaons and (anti)protons versus N part for Cu+Cu collisions at y = 0 and y = 3 and for Au+Au collisions at y = 0 [21] . A general observation is that p T depends strongly on particle mass, reflecting the larger boost given to the heavier particles by radial flow are from [21] . The statistical errors are represented by bars and the systematic errors by the gray boxes. The Au+Au pion yields were deduced using a power law extrapolation at low pT .
to include identified hadrons, heavy quarks and fully reconstructed jets [28] [29] [30] [31] [32] [33] [34] . No such effects have been seen at y ∼ 0 in d-Au collisions at RHIC [26, 27, 35, 36] confirming that the observed suppression found at midrapidity in central heavy-ion collisions is indeed a finalstate effect and is specifically a consequence of the energy loss of partons. At forward rapidity, the colliding systems d+Au and Au+Au at √ s N N both exhibit high p T suppression similar to each other and to the mid-rapidity Au+Au results [37] .
The nuclear effects on particle production are studied in terms of the nuclear modification factor R AA defined as
which is the ratio of the particle yield in heavy ion colli- [21] , and the forward Au+Au proton and pion preliminary data from [22] .
a mass ordering of the R AA of identified hadrons) and/or parton recombination effects (typically leading to mesonbaryon differences). For 1 < p T < 2 GeV/c the pions are suppressed at both rapidities for central and mid-central events. The level of suppression is strongest for more central collisions which achieve the highest densities and largest volumes. This is consistent with the fact that the multiplicity density decreases as one goes to more peripheral collisions; there is less matter to interact with and more partons make it out of the collision region before losing much of their energy. Interestingly the suppression is stronger at forward rapidities where one would expect parton energy loss to be less. This is consistent with the pattern seen for π − mesons in Au+Au collisions [38] .
Kaons with 1 < p T < 2 GeV/c do not show significant suppression at y = 0 but they are suppressed at y = 3.
The suppression of the kaons is less pronounced than that of the pions but shows a similar dependence on centrality.
The difference in the pion and kaon suppression patterns may reveal information about their respective fragmentation functions [39] . At mid-rapidity, the R AA values for pions and kaons vary little with p T over the range p T = 1.5 − 2.5 GeV/c. At forward rapidity there is an increase of the kaon and pion R AA values with p T similar for all centralities but somewhat less pronounced for the for most peripheral sample. protons R AA is above 1.0 for all values of N part and at both rapidities, with anti-protons at y = 3 standing out as most enhanced and with R AA falling with N part .
The fact that the mesons are more strongly suppressed for more central collisions is expected from from models of parton energy loss or jet quenching. In such models it is expected that the energy loss should be less at forward rapidities because of the decreasing particle density.
However this effect my be compensated in the R AA ratio by a relative softening of the Cu+Cu p T spectra at forward rapidities. PHENIX has suggested that a similar effect may explain why at high p T R AA is almost the same at √ s N N = 63 and 200 GeV [42] . It is also possible that at forward rapidity initial state effects such as nuclear shadowing are reducing particle production, [37, 38] .
C. Particle Ratios Figure 9 shows antiparticle to particle dN dy ratios of integrated yields measured in Cu+Cu and Au+Au col- value [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . At mid-rapidity, the p T dependence of the BRAHMS p π + ratio in central Au+Au collisions at √ s N N = 200 GeV [56] has been reasonably described by recombination [49] . Hydrodynamic models also qualitatively reproduced the trend [46] [47] [48] . Although it is clear that the system size and the chemical properties of the medium are important parameters, the detailed behavior of hadron production in the forward rapidity region remains a challenge to microscopic models, as also seen in ref. [57] .
The N part dependence of the π + ratio is generally greater than unity and is larger than the correspondingp π − ratio by almost a factor of 6. This has also been observed in Au+Au collisions at the same center of mass energy per nucleon [59] .
While the beam protons may be contributing to the This is despite the fact that the rapidity densities in the forward region are about half of those at mid rapidity.
The PHENIX collaboration has observed that increasing parton energy loss with increasing beam energy can be compensated by hardening of the p T spectra, in such a way that R AA remains unchanged [42] . A similar effect may be present when going to forward rapidities, so that the approximately constant R AA can be a result of reduced energy loss combined with steeper p T spectra for mesons. It is also possible that initial state effects such as nuclear shadowing are effecting particle production at forward rapidities, [37, 38] .
In contrast to the pions and kaons, protons with p T > 1.3 GeV/c are enhanced relative to scaled p+p collisions.
The baryon enhancement seen in R AA depends strongly on p T and rapidity but only weakly on centrality The enhancement is similar for protons and antiprotons at y = 0, but is stronger for antiprotons at forward rapidity. This is mainly because the p + p reference spectrum for antiprotons at y = 3 is much steeper than the corresponding proton spectrum [40] .
ratios are almost independent of p T and centrality but they do depend upon rapidity, presumably because of the higher net-baryon density in the forward region. The K ± π ± , p π + andp π − ratios increase with N part for p T up to 1.6-2 GeV/c at both rapidities. The four ratios at y = 3 are seen to saturate for p T ≥ 1.6 GeV/c. At y = 3, the kaon-pion and protonpion ratios exhibit a slightly different centrality dependence in the lowest N part region.
At both rapidities the p π + andp π − ratios in the intermediate p T region, i.e. 2.0 GeV/c < p T < 3.5 GeV/c are rather large for central collisions. This may be explained by either quark coalescence [45, [49] [50] [51] [52] , radial flow [46] [47] [48] , or baryon transport dynamics based on topological gluon field configurations [53] [54] [55] . A similar baryon enhancement has been observed for Pb+Pb collisions at √ s NN = 2.76 TeV [60] . These data are also consistent with recombination [52] and hydrodynamical models [61] .
Understanding the underlying mechanisms responsible for hadron production over the broad range of transverse momentum and rapidity accessible at RHIC and providing a consistent description of all the various aspects of the hadron spectra in heavy ion collisions remains a major challenge. The current data will help constrain theoretical attempts to reach such a synthesis. 
